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The fly visual system continuously provides information about the motion of objects, conspecifics, predators and the three-dimensional structure of the environment. This information underlies the execution of notable visually driven behaviors [1] [2] [3] [4] . However, the manner in which small-scale neural networks accomplish such computational efficacy remains an open question, and the complete motion detection circuitry has not yet been determined in any animal 5, 6 . We examined this question in Drosophila by analyzing how brightness changes become encoded in changes in the concentration of presynaptic Ca 2+ in the axon terminals of L2 neurons, a major input channel to the motion detection circuitry [7] [8] [9] [10] .
The processing of brightness changes underlies the detection of visual motion. On the basis of a detailed input-output analysis of the optomotor response in tethered beetles, the well-known HassensteinReichardt model (HRM) of visual motion detection was derived 11, 12 . The HRM (Supplementary Fig. 1 ) essentially performs a spatiotemporal cross-correlation of two luminance input signals by multiplying the signals derived from two neighboring image points after one of them has been temporally delayed. This operation is executed in each of two mirror-symmetrical half-detectors that operate with opposite sign. Summing the output of both half-detectors results in a directionally selective response of the full detector. Notably, the HRM precisely describes the observed optomotor behavior of walking beetles and walking and flying flies in algorithmic terms 12, 13 . Furthermore, the fundamental computations of the HRM can explain motion detection in different vertebrate species, including humans [14] [15] [16] [17] . In flies, directionally selective responses that closely match the predictions of the model are observed in the large tangential neurons of both (reviewed in ref. 18 ) large fly species (reviewed in ref. 5) and Drosophila 19, 20 . These cellular responses carry distinct signatures that derive from the correlative processing in the HRM 12 (reviewed in refs. 5, 6, 18) .
Because of the purely algorithmic nature of the HRM, no immediate conclusions about the underlying neuronal hardware can be drawn; different implementations of the model can result in similar output.
To gain insight into the cellular implementation of the model [21] [22] [23] , we recorded extracellular responses of the directionally selective H1 neuron while presenting apparent motion stimuli 24 . Results of sequential stimulation of individual photoreceptor pairs (R1 and R6) 23 of the same ommatidium led to the proposal that each input signal is split into an ON and an OFF channel that then fed into separate multipliers for the processing of brightness increments and decrements, respectively 22, 23 (Supplementary Fig. 1 ). However, interactions among brightness increments and decrements are inherent in the original HRM 12 (Supplementary Fig. 1 ) and have repeatedly been observed in behavioral optomotor responses 12 and in the cellular responses of the H1 neuron 21 . Apparent motion stimuli with opposite polarity induce responses that report a reversal of the true direction of the stimulus 21 , a phenomenon that is known in psychophysics as reverse-phi 25 . If a neuron is assumed to perform a multiplication in a sign-correct manner, then this neuron's output signal should increase in a supra-linear way when both inputs increase as well as when both inputs decrease. To the best of our knowledge, no biologically plausible mechanism is known that could accomplish such a computation. A circuit was proposed 12 (Supplementary Fig. 1 ) that was inspired by the 'fourquadrant multiplier' used in analog signal processing: bipolar (both positive and negative signal components) input signals were halfwave rectified, resulting in only positive signals. These signals are subsequently processed in four separate multipliers accounting for all possible interactions (ON-ON, ON-OFF, OFF-ON and OFF-OFF). The output of the individual multipliers is then summed by a postsynaptic integrator in a sign-correct manner (from the perspective of this integrator, the models in Supplementary Fig. 1 are mathematically identical). Thus, in contrast with a previous account 21 , separate input channels for the processing of brightness increments and decrements cannot be excluded on the basis of responses of the integrating neuron to mixed input signals.
In flies, the lamina monopolar neurons L1 and L2 are the largest and best-investigated second-order visual interneurons postsynaptic a r t I C l e S to the photoreceptors R1-R6 (refs. 26-29) . L1-L3 and one amacrine cell (amc) all express a chloride channel encoded by the ort gene 30 , which is gated by the photoreceptor transmitter histamine 31, 32 . The processes of amacrine cells stay in the lamina, where they synapse onto L5 and where L4 receives input from L2 (and feeds back onto two more lateral L2 neurons) 29 . L4 and L5, as well as L1-L3, project to distinct layers in the medulla 26 . Thus, five possible parallel processing streams (three direct channels, L1-L3; two indirect channels, L4 and L5) transmit information about brightness changes from the lamina 29 to the medulla 26 . Behavioral and genetic experiments suggest that L3 is involved in processing of ultraviolet light and in phototaxis 9 . In contrast, L1 and L2 provide the major input to the motion detection circuitry in the medulla [7] [8] [9] [10] . Recordings of their dendritic membrane potential reveal nondirectional, strongly adapting responses in large fly species 33 ; dendritic voltage changes in L1 and L2 to a transient light pulse correspond to an inverted, high pass-filtered biphasic version of the voltage change recorded in photoreceptors [33] [34] [35] [36] that depolarize in response to light. The reported inhibitory current through histamine-gated chloride channels 32 explains the hyperpolarizing ON response 37 ; however, it does not explain the excitatory OFF component at the end of a light pulse that has been observed in large flies [33] [34] [35] [36] [37] . Depolarizing voltage responses to light-OFF have not been observed in Drosophila 38 .
Even though there have been electrophysiological studies on lamina monopolar cells and few other columnar neurons in Calliphora 39, 40 , the signals that are transmitted by lamina monopolar cells to neurons of the motion detection circuitry in the medulla 41 could not be recorded so far for methodological reasons. Here, we address this problem in fly motion vision by investigating how L2 axon terminals in the medulla 26 encode brightness changes in presynaptic intracellular calcium. Visually evoked Ca 2+ is measured by a new method that employs optical recording of the genetically encoded calcium indicator TN-XXL 42 targeted to L2 neurons and an interlaced visual stimulation technique.
RESULTS

Functional two-photon imaging in the Drosophila visual system
We targeted the expression of the dual chromophore calcium indicator TN-XXL 42 to the ~750 nonspiking L2 lamina monopolar cells of the visual system of Drosophila using the enhancer trap line 21D-Gal4 (Fig. 1) 7 . L2 neurons were chosen on the basis of the availability of this specific Gal4-driver line and the supposed pivotal role of L2 in visual motion detection [6] [7] [8] [9] [10] . Visually evoked spatio-temporal changes in Ca 2+ in the highly ordered 27, 28 , retinotopically organized lattice of L2 axon terminals 7 (Fig. 1b-d) were monitored using two-photon laser-scanning microscopy (2PLSM) 43 (Fig. 1a) . Two-photon excitation of photoreceptors was prevented as two-photon excitation is confined 43, 44 to a small volume in the focal plane of the objective that was kept distant from the photoreceptor layer. Furthermore, one-photon excitation of Drosophila's photoreceptors by laser light (λ = 825 nm) was prevented by reducing the laser power to a maximum of 10 mW. As a typical value, 5 mW was measured at the specimen. a r t I C l e S Another technical problem of calcium imaging during visual stimulation of the fly's eye is protecting the photomultiplier tubes from light originating from the visual stimulus (Fig. 1e) . We achieved this by fast switching of a custom-built LED panel display synchronized to the movement of the horizontal scanning mirror of the 2PLSM (Fig. 1a,e) . This design allowed us to separate the recording of TN-XXL fluorescence and the presentation of visual stimuli in time. We used 2-ms scan time per line, of which 400 μs were spent on the fly-back period of the horizontal scanning mirror. We used 330 μs of this fly-back time to gate the LEDs. This resulted in a visual stimulus flickering at 500 Hz, which is far beyond the temporal resolution of Drosophila photoreceptors 45 and thus should be perceived as continuous light (60 cd m −2 during light ON).
ON-OFF processing in the L2 pathway
We investigated how whole-field increments and decrements in brightness are encoded in L2 axon terminal Ca 2+ in the medulla by recording TN-XXL fluorescence changes in small arrays of up to six individually identifiable L2 axon terminals (Fig. 2a,b) per image sequence. We observed small non-uniform changes in Ca 2+ induced by light-ON. In one set of experiments (Fig. 2c) a single, spatially uniform pulse of light (8-s duration, dark-adapted eye, recordings interspersed by 60 s of darkness) elicited a small, slow increase in Ca 2+ at the onset of the light pulse. In other experiments, however, we observed a small, negative change in Ca 2+ induced by light-ON (Fig. 2d) . In contrast, brightness decrements induced a uniform, strong and long-lasting increase in Ca 2+ . This calcium signal, induced by light-OFF, could be fit by single exponential functions with a time constant of τ = 0.22-0.26 s for the rise (data not shown) and 2.10 s for the decay (Fig. 2e) . The strong increase in Ca 2+ in response to light-OFF suggests an inversion and half-wave rectification of the input signal in L2 axon terminals.
Changes in Ca 2+ induced by individual light-OFF stimuli might superimpose in a linear way during periodic flicker. Alternatively, light-ON might affect the observed increase in calcium induced by light-OFF. We found that increased Ca 2+ in response to brightness decrements was effectively reduced to baseline following brightness increments (Fig. 2d) . This finding is reflected in a much shorter time constant of the decay of this truncated calcium signal (τ = 0.26 s compared with 2.10 s; Fig. 2e ) that was the same for all of the interpulse intervals that we tested (0.26-1.16 s; Fig. 2d,e) . Furthermore, brightness increments presented before the response to the preceding brightness decrement reached its maximum reduced the amplitude of the Ca 2+ signal (Fig. 2d) . Thus, L2-terminals are sensitive to brightness increments; there was a small, non-uniform calcium signal induced by light-ON in the dark-adapted state, as well as a rapid reduction in Ca 2+ if presynaptic Ca 2+ was elevated from a preceding decrement in brightness.
We further tested the encoding of subsequent brightness increments and decrements in Ca 2+ by stimulating the eye of the fly with light flickering at 0.25 Hz (Fig. 2f ) and 1 Hz (Fig. 2g) . As expected, the L2 terminal Ca 2+ rose in response to brightness decrements and was rapidly reduced to baseline by subsequent brightness increments. A full modulation of Ca 2+ with maximum increase and full return to baseline was exhibited at 0.25 Hz (Fig. 2f) , whereas switching between brightness increments and decrements every 500 ms (1-Hz stimulus) led to a smaller modulation of Ca 2+ superimposed on an ongoing positive component (Fig. 2g) . These results suggest that light-OFF-induced Ca 2+ and its rapid reduction by light-ON represent the main signal transmitted by L2. However, our results cannot reveal the frequency range that is transmitted by L2 axon terminals, as binding to and unbinding of calcium from TN-XXL results in substantial lowpass filtering of the unperturbed calcium signal 42 (Fig. 2e) .
Moving visual stimuli
Drifting visual gratings elicit modulations of the photoreceptor potential independent of the direction of motion. In contrast, tangential cells in the third neuropile of the optic lobe, the lobula plate, exhibit directionally selective responses (reviewed in refs. 5,18). These directionally selective cells are supposedly important for the control of visually driven optomotor behavior. In recent behavioral experiments 9 , flies lacking the lamina neurons L1 and L2 were found Mean is shown in black and standard error in gray in c, f and g. VOLUME 13 | NUMBER 8 | AUGUST 2010 nature neurOSCIenCe a r t I C l e S to be motion blind 7, 8 and flies with L4 cells specifically blocked were reported to be motion blind. Furthermore, anatomical connections in the lamina 7, 29 suggest that L2 and L4 are involved in a directionselective pathway with higher sensitivity for the detection of frontto-back motion 7 . However, the output signals of L1 and L2 cells in the medulla during the presentation of moving visual stimuli to the eye have not been analyzed so far. We therefore asked whether the calcium signals in L2 axon terminals in the medulla carry any sign of motion, orientation or direction selectivity, or whether they transmit signals that purely encode local luminance changes.
We presented visual gratings of 30° spatial wavelength moving at 30° per s, resulting in 1-Hz temporal frequency, in four orthogonal directions (Fig. 3) . Time-locked to the visual stimuli, we recorded fluorescence changes from groups of individually identifiable L2 terminals in the same depth of the medulla (Figs. 1 and 3a) . The L2 terminals were oriented along the dorso-ventral axis (Fig. 3a-c,f) . Grating motion elicited fluorescence modulations in the individual L2 terminals at a frequency of 1 Hz for all directions of motion. When motion was along the dorso-ventral axis, modulations in neighboring terminals were phase-shifted by π/3 (Fig. 3d) , corresponding nicely to the relationship between the interommatidial angle of about 5° in Drosophila 13 and the 30° spatial wavelength of the stimulus (that is, one-sixth). In contrast, motion along the horizontal axis elicited synchronous oscillations in neighboring L2 terminals of the same vertical row (Fig. 3e) , as was expected from their vertically aligned receptive fields (Fig. 3a) .
Front-to-back and back-to-front motion at a temporal frequency of 1 Hz elicited changes in Ca 2+ that could not be distinguished from changes in Ca 2+ induced by spatially homogeneous flicker at the same frequency (Fig. 3f) . In sum, these results suggest that Ca 2+ in L2 terminals predominantly encodes decrements in local brightness, irrespective of the direction of motion. This information is transmitted to postsynaptic neurons in the medulla while retaining the original resolution of the Drosophila compound eye 13 .
Photoreceptor transmission to L2 only
In the lamina, photoreceptor signals from R1-R6 are transmitted to four different cell types (Fig. 4a) . To test whether interactions between the different lamina cell types contribute to the observed calcium signals in L2, we investigated flies in which L2 neurons are the only interneurons that receive direct input from the photoreceptors 7 . In these L2 rescue flies, TN-XXL and the wild-type histamine receptor were specifically expressed in L2 neurons in a histamine receptor null mutant 7 (ort 1 /ort US2515 ; 21D-Gal4; UAS-ort). As a control, ort 1 / ort US2515 flies without L2 rescue did not show any transients in the electroretinogram (such transients at the beginning and at the end of a light pulse reflect L1 and L2 activity 46 ), were motion blind and their tangential cells in the lobula plate did not respond to large field motion stimuli (data not shown), suggesting that photoreceptor-tolamina transmission was completely blocked 7, 46 .
In L2 rescue flies, a brightness decrement induced a strong and long-lasting increase in Ca 2+ that was immediately reduced by a subsequent brightness increment (Fig. 4b) . Compared with wild-type flies, however, the time course of the recorded Ca 2+ signal in L2 axon terminals was slowed. The time constants of the rise and the decay of Ca 2+ were 0.80 and 6.36 s, respectively (compared to ~0.26 s and 2.1 s; a r t I C l e S Fig. 2) . The time constant for the decay in the presence of a subsequent brightness increment was reduced to 0.34 s (Fig. 4c) . These results suggest that photoreceptor-to-L2 signaling and processing in L2 neurons was sufficient to qualitatively generate the observed changes in Ca 2+ . However, we cannot exclude the possibility that L2 elicits activity in the surrounding medulla or neighboring lamina cells. Such feedback network activity could contribute to the observed characteristics of Ca 2+ . Notably, the increased time constants for the rise and decay in the L2 rescue flies suggest that photoreceptor-to-lamina signaling in parallel channels is required for fast and temporally precise signaling.
DISCUSSION
L2 cells have been implicated as major input elements to the motion detection circuitry in flies [7] [8] [9] [10] . Our data on L2 terminal Ca 2+ corroborate the previously reported inversion and high pass-filtering [33] [34] [35] [36] and complete the processing by adding half-wave rectification (Fig. 2c,d ) of the brightness signal. Taking into account the role of Ca 2+ in presynaptic vesicle release, we propose that L2 primarily transmits the information about brightness decrements to the motion detection circuit in the medulla. Dendritic recordings of L2 membrane potential in large flies show at least small depolarizing responses induced by light-OFF [33] [34] [35] [36] [37] , suggesting that the underlying processing likely involves an amplification of the positive dendritic membrane potential and opening of voltage-activated Ca 2+ channels in L2 terminals induced by light-OFF. Light-ON hyperpolarizes the L2 membrane potential [33] [34] [35] [36] [37] , which might rapidly inactivate the calcium channels. Efficient calcium extrusion then likely mediates the observed rapid return of the calcium signal to baseline that is induced by light-ON 33 .
Nonlinear processing steps represent an important feature of second-order visual interneurons in flies [33] [34] [35] [36] and in the vertebrate retina; vertebrate ON-and OFF-bipolar cells preferentially relay either increments or decrements in brightness 47 . However, halfwave rectification in bipolar cells is not complete and partly results from inhibitory interactions among ON and OFF channels 48, 49 . The increase of the time constant observed in L2 rescue flies (Fig. 4b,c and data not shown) suggests that interactions between different lamina cell types are involved in the generation of imperfectly half wave-rectified light-OFF calcium responses in L2 axon terminals. Such interactions are also suggested by the rich anatomical connections at the level of the dendrites in the lamina 29 and at the level of the axon terminals in the medulla 26, 27 . Furthermore, given that L2 terminals transmit their main signal at light-OFF, other channels must exist for the signaling of brightness increments 22, 23 . Such ON and OFF signaling is a common motif in different animals and sensory modalities 50 . Thus, although not necessary for Hassenstein-Reichardt-type computations 21 (Supplementary Fig. 1 ), half-wave rectifying the input signals into parallel ON and OFF channels and multiplying each pair separately allows the outputs to be treated in a sign-correct manner 12 (Supplementary Fig. 1) . The devised imaging approach should pave the way for future studies that ultimately reveal the cellular implementation of the HRM of visual motion detection.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/. Figure 4 Genetic interference with the circuitry suggests that signal processing in L2 neurons is largely, but not completely, independent of photoreceptor-to-lamina signaling in parallel processing pathways.
(a) Achromatic brightness information perceived by the outer photoreceptors R1-R6 was transmitted to three direct pathways to the medulla (L1-L3) and two indirect pathways (amc→L5, L2→L4; only amc is shown). L1-L3 and amc expressed the histamine-gated chloride channel encoded by the gene ort 30 
